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Abstract 

Silicon can be caused to photoluminesce in the visible by rapid anisotropic etching of  bulk 
samples to form a porous material, Both electrochemical and ,chemical etching procedures 
based on an H F  reagent have been developed for this purpose. Porous silicon is found to 
contain nanoscopic sihcon particles which have been identified as the luminescent species. 
The observed phototuminescence is yew sensitive to the surface preparat ion of  the porous 
silicon. Light oxidation of  the porous silicon substrate produces a material which is selectively 
sensi*ive to Br6nsted bases, sulfur dioxide, and halogens, Selective quenching of  oxidized 
porous silicon is associated with the presence of  specific types of  dangling bond surface states 
(P,~0 and P~O at the silicon/silicon oxide interface. Interfaces of  this type can be fashioned 
into enviromnental sensors. Using ti~i~ approach a gas phase sulfur dioxide sensor has been 
demonstrated. ~© 1998 Elsevier Science S.A, 
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L Introduction 

The recent surge in research related to porous silicon (PS) stems largely from the 
belief that the efficient visible pnotoluminescence (PL) observed at room temperature 
[l] can be translated into electroluminescence from the same material. 
Electroluminescence from silicon is highly desirable, with obvious application to 
optoetectronic and display technologies. During this recent flurry of research activity, 
many other interesting effects related to the chemistry of porous silicon have been 
discovered. These findings have led to an expanded knowledge of porous silicon 
photophysics and a greater number of applications in new fields, particularly in the 
area of  sensors. 

2. Generation of porous sflkon 

Formation of PS is performed using one of two general types of reaction. An 
electrochemical procedure can be used to anodize silicon in an t tF  solution. The 
porous silicon formation occurs where the holes emerge from the water. 
Alternatively, a chemical approach may be taken, in which an etching solution 
containing HF and an oxidizing agent is employed. The silicon needs only to be 
exposed to the solution to etch it and no applied bias is required. We have previously 
demonstrated a modification on the stain etchant which provides an excellent yield 
of porous silicon [2]. In this system sodium nitrite is added to the classic stain etch 
as a NO ÷ generator. This species provides the necessary oxidizing equivalents. 

The electrochemical etch provides greater control over etching parameters while 
etching is in progress. Current density, for example, has an effect on the color of 
light emission fi'om the porous silicon product. Increasing the current density results 
in a more porous final product and blue shifts the emission maximum [3]. By 
increasing current density it is possible to create a porous layer whose emission 
appears green rather than the usual red-orange. The porosity of the final product 
is also influenced by other/'actors such as hydrofluoric acid concentration. Increasing 
HF concentration of the electrochemicM etching solution results in a less porous 
final product [3]. 

Porous silicon layers generated utilizing chemical etches cannot be grown as thick 
as electrochemical layers, but chemical etching offers certain advantages over electro- 
chemical etching. Large pieces of silicon or silicon powders cannot be conveniently 
anodized, but chemical etches can yield strongly luminescent samples on any silicon 
that can be immersed in the etchant. Chemical etches are dependent upon injecting 
holes into the silicon from the front side, unlike electrochemical etches, so by 
masking parts of  the silicon it is possible to generate patterns of luminescent porous 
silicon and non-luminescent silicon on a wafer. 

Chemical etches are also interesting in what they reveal about the luminescence 
mechanism. Initially, it was assumed that porous silicon emitted through either a 
simple band to band like transition in a quantum confined system, or by a surface 
bound molecular luminophore. The actual luminescence mechanism has proven to 
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be tar more complex than either of these models [4]. The phototuminescence emission 
spectra obtained for chemical etches are quite similar to one another, having 2max 
near 625 nm. However, the excitation profile is quite dependent upon the concen- 
tration of strong acid employed. Without altering the HF concentration or the 
amount of NaNO2 (oxidizing agent), the excitation maxima can be shifted from 
~ 220 nm to ~ 300 nm by changing from a 1:1 H20/H2S04 solvent to concentrated 
H2SO4 [2]. Clearly, a lower energy photon is required to produce photoemission 
from porous silicon generated in more acidic etchants, but the light emitted is of 
the same energy. This observation is not easily explained by either model, and is 
indicative of the complexity of the problem. 

3. Quenching mechanisms 

Sailor and coworkers [5-7], Coffer et al. [8,9], Anderson et al. [ 10,11 ], McLendon 
and coworkers [12, 13], Meyer and coworker [14,15], and Bocarsly and coworkers 
[ 16-22] have reported that PS emission can be quenched by exposure of the emitting 
silicon to a variety of different compounds. Among those molecules eliciting a 
quenching response are organic solvents, aromatic ring systems and Br6nsted bases. 
Quenching mechanisms for porous silicon are difficult to determine, due to the 
heterogeneity of the system and its ill-defined photophysics. However, clear examples 
of energy transfer, charge transfer, and static quenching have been noted, along 
with other quenching phenomena which have yet to be unambiguously identified. 

One relatively unique aspect of PL quenching of hydride terminated porous silicon 
is the large number of organic solvent quenchers which clearly can neither act as 
energy transfer nor charge transfer reagents. This phenomena was first reported by 
Sailor, who has suggested that the quenching activity is related to the dipole moment 
of the solvent. We have reported that this type of quenching ceases when a thin 
oxide layer is formed on the PS substrate (OPS). We have noted, however, that 
static quenching by Br6nsted bases occurs even after growth of a thin oxide coating. 
Br6nsted base quenching is only disrupted in the presence of a thick oxide surface 
layer. Restoration of photoluminescence from quenched samples has been reported 
for all classes of quenchers, but energy tram£er quenchers and organic solvent 
quenchers usually required only that the quencher be removed from the PS environ- 
ment to begin light emission, while the Br6nsted bases typically required a proton 
source to restore emission to its initial intensity. 

In order to probe the nature of Br6nsted quenching, we have recently undertaken 
studies aimed at cerre!~ting the electron paramagnetic resonance (EPR) signal from 
OPS with the OPS luminescent state under quenching conditions [21]. To this end, 
we have employed chemically generated PS formed fi'om polycrystalline powders. 
Samples of this type provided a large EPR signal. In the case of Br6nsted base 
induced quenching an inverse correlation is observed between the PL intensity and 
the intensity of the EPR signal associated with interfacial dangling bonds. It had 
been previously determined that Br6nsted base quenching is related to the abstraction 
of protons by the base from within the interracial oxide layer. It is known that 



254 M. Z Kelly, A,B. Bncarsly / Coordination C7to~ht O' Reviews 171 (1998) 251 259 

paramagnetic defects, called Pbo defects, can often be found at the silicon-silicon 
oxide interface. Thus it was speculated that the presence of protons in the oxide 
layer stabilized the diamagnetic state of potential Puo sites (i.e. protons allowed two 
electrons to reside in such surface sites). In this model, when the nearby protons are 
removed, the interfacial defects revert to a Pbo site and localize electron-hole recombi- 
nation, destroying the luminescence as shown in Fig. 1. 

A typical EPR spectrum of chemically etched, chemically oxidized porous silicon 
powder shows two features in the EPR spectrum near g = 2, as illustrated in Fig. 2. 
The signal components are assignable as follows The lower field component of the 
signal has g=2.0079, which has been assigned to a bulk defect (referred to as KI)  
[23]. Th~ paramagnetic defect is due to silicon atoms adjacent to dislocations in 
plastically deformed silicon. This signal is not observable by EPR in high quality 
single crystal silicon, but can be observed in the polycrystalline Si powders used for 
our EPR samples. The higher field component of the porous silicon spectrum has 
g = 2.0054, close to the g-value of several feat~res, all of  which may be contributing 
to the signal. Polycrystalline Si, microc_~'atalline Si, and amorphous Si broken bond 
defects all have g = 2.0054 _+ 0.0005, and a summation of Pb centers on many different 
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Fig. 1. Schematic diagram showing the mechanism of Br0nsted base (HB) quenching of PS. Variations 
of tlae Pbc~ sites at the silicon/silicon oxide as a fimction of proton concentration are shown. The circular 
portion of the diagram represents the silicon nanoparticle, while the irregular outer portion indicates the 
oxide coating. 
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Fig. 2. EPR spectra of base quenched and unquenched oxidized porous silicon formed from a polycrystal- 
line silicon powder. The K I defect is a bulk defect which is invariant with quencher. The high field signal 
is associated with a mixture of paramagnetic species including the P,~o dangling bond indicated on the 
diagram. This signal varies with the presence of quencher. The variation is associated with tl~e chemical 
interface site shown in Fig. I. 

crystalline faces has also been assigned to g = 2.005 [24]. This latter signal is sensitive 
to the presence of the Br6nsted base quencher, while the KI signal is invariant and 
can be used as an internal standard. 

When photoluminescence quenching by organic solvents and aromatics is per- 
formed using hydride terminated PS, no changes in the EPR spectrum are observed. 
However, once a light oxide has been formulated on the silicon, solvents and 
aromatics cease to have a general quenching effect, but strong photoluminescence 
quenching by bases is still observable. With the formation of an oxide, acidic protons 
become available for abstraction. The PL quenching is then accompanied by signifi- 
cant changes in the EPR spectrum. Hence it must be concluded that at least two 
different quenching mechanisms are operating, depending on the degree of surface 
oxidation [211. 

4. Sulfur dioxide and iodine quenching 

Multiple quenching mechanisms are also apparent, specifically for oxidized porous 
silicon. In addition to Br6nsted bases, sulfur dioxide and molecular iodine are also 
effective quenchers of oxide coated porous silicon [20,21]. Neither quencher can be 
associated with a base quenchi:~g mechanism. To restore strong luminescm~ce to 
SOz or 12 quenched OPS, only removal of the quencher source is necessary. Partial 
quenching of the OPS lumi~:escence by Br6nsted bases resulted in a blue shifting of 
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-,- 40 nm in the emission maximum. Similar treatment with sulfur dioxide results in 
a pronounced red shift of  emission maximum. Plots of PL intensity versus time 
during exposure to SO2 and to a BrOnsted base show kinetics that are more rapid 
for quenching by sulfur dioxide [17]. In water, SO2 behaves as an acid and the pH 
of the solution dropped to ~ 2. Despite the fact that an aqueous solution of pH 2 
normally has a restorative effect on the PL of  Br6nsted quenched porous silicon due 
to the abundance of protons, a marked PL loss is observable when OPS is treated 
with SO2 purged water. To restore PL, the sample could be removed from the 
aqueous solution and blown dry in air. The quenching is due to hydrated SO2, and 
not to the aqueous HSO~ ion, as NaHSO3~aq) does not bring about a PL quenching 
response. Under these strongly acidic conditions, extraction of a surface proton by 
sulfur dioxide (i.e. SO2 acting as a base) can be ruled out because of  the quantity 
of protons in solution. Since quenching is observed, some other SO2-surface inter- 
action must be responsible for PL loss. 

Similarly, after 12 quenching, the emission maximum also shows blue shifts, but 
the only requirement for full PL restoration is removal of the I z source. The 
implication of these observations is that, like SO2, Iz operates by a quenching 
mechanism that differs from the one used to explain Br6nsted base quenching of 
oxidized porous silicon. The fact that neither SOz nor I2 requires protons for 
restoration hints at a stronger connection between the mechanisms responsible for 
SO2 and 12 quenching than either mechanism might have with the mechanism for 
base quenching. 

When exposed to amines (a Br6nsted base) the PL intensity of OPS is dramatically 
reduced, while the higher field component of the typical EPR signal grows in 
intensity. The lower field signal remains unchanged. If the amines are allowed to 
evaporate, the signal returns to its original shape and magnitude, and the PL returns 
to its original intensity [21]. Sulfur dioxide treatment of OPS samples also generates 
an EPR response. Similar to bases, the absolute number of dangling bonds on the 
silicon surface appears to hlcrease in the presence of SO2. Unlike the bases, which 
alter the relative magnitude of the two components, a third component grows in at 
a higher field than the two cemponents already present, as shown in Fig. 3 [22]. 
Definite assignment of this signal t~ ~ defect is made dithcult by its close proximity 
to the original higher field signal. For the same reason it is also difficult to determine 
if both original signals remain unchanged after exposure to SO2, or if they are 
changing along with the appearance of the new signal. As with sulfur dioxide, iodine 
vapor causes a change in the EPR spectrum of porous silicon. The OPS spectrum 
in the presence of 12 is similar to that observed in the presence of SO2 in that a 
third component appears, separate fl'om the two components present in the original 
porous silicon spectrum. For Iz, however, resolution of the third peak as a separate 
entity is superior, so it is more apparent by inspection that the new signal grows in 
without significant alterations to the shape and magnitude of the untreated porous 
silicon EPR spectrum. 

In Fig. 3, the K1 bulk signal at g=2.0079 is associated with grain boundaries. 
The g = 2.0054 signal is assigned to amorphous silicon and microcrystalline silicon 
butk defects. The signal from SOz quenched OPS is well fit by a single Gaussian, 
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Fig. 3. EPR spectrmn of OPS qvenched with suffur dioxide. The high field peak is absent in tmquenched 
OPS spectra. This peak is associated with a Pu~ silicon/silicon oxide surface site. The mechanism of site 
stabilization by sulfur dioxide is currently under investigation. 

and has g = 2.0035. There are no reported EPR signals associated with porous silicon 
at g=2.0035 to the best of our knowledge. It is known that the location of Pb 
defects in the EPR spectrum of amorphous silicon shills toward tower g-value with 
additional O and N atoms bonded to the silicon [25]. We therefore assign the signal 
to an increased nmnber of Pbt defects. The Pbl defect is similar to the PbO defect, 
the difference being that the Si atom on which the unpared  electron resides is 
bonded to two silicon atoms and one oxygen atom as shown in Fig. 4. 

The mechanism by which SO_, and 12 selectively increase the number of such sites 
remains unclear, but experimems thus far have yielded severat important clues. First, 
it is apparent that neither molecule undergoes irreversible redox chemistry during 
its interaction with the OPS surface. After quenching with SO2 or 12, porous silicon 
restoration will occur under flowing anhydrous argon as long as the source of SOz 
or Iz is removed, so it is unlikely that it has been oxidized or reduced. The formation 
of the I - anion or the SOl-  anion on the OPS during quenching would prohibit 
thst restoration in air, and other reversible redox couples like SO2/SO2- and !2/i 
can be ruled out on thermodynamic grounds [22]. Additionally, electron transfer to 
iodine would result in a splitting of the EPR signai from the unpaired electron by 
the spin 7/2 iodine nucleus. 

5. Surface modification and porous silicon sensors 

The phenomenon of PL quenching lends itself to interesting sensor apNications. 
Sulfur dioxide is a molecule of environmental concern. Since SO2 pollution is a 
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Fig. ,~. Sclmmatic of the structure of the Pb~ site associated ~ith sul!iir dioxide: induced quenching. 

primary contributor to acid ram formation, its detection is important. In sulfur 
dioxide/argon mmospheres of greater than 10% SO2, luminescence quenching of 
OPS can be clearly seen by the naked eye. Using a photodetector to detect small 
ch~mges in PL intensity, the limit of  detection of sulfur dioxide in argon was found 
to l:e 440 ppb [20]. 

Fhere are several problems to solve before a porous silicon based SO2 sensor 
could be realistically employed. At present, the surface reactivity toward sulfur 
dioxide lasts for several weeks. Over that period of time the layer of oxidized silicon 
grows thicker, and the quenchin3 response grows weaker until eventually exposure 
to SO~ results in no quenching. Preliminary experiments involving chemical modifi- 
cation of the OPS surface show that the SO: response is maintained. Since such 
treatments are known to inhibit the oxidation of silicon surfaces [26]. it is probable 
that long term stabilized interfaces can be synthesized. 

Chemical modification provides a route to new' uses tbr porous .~ilicon. Any 
modification that can arrest oxidation of porous silicon, either before oxide growth 
begins or at a desirable level of  oxidation (at maximum sensitivity to sulfur dioxide 
quenching, for example), will prove to be useful for development of silicon based 
sensors. A number of approaches have been taken to nmdification of porous silicon 
surfaces. The surface has been silylated by attaching chlorosilanes to surface hydrox- 
yls [10, 17]. Water soluble polymers have been used to coat porous silicon. Organic 
acids have been attached to the porous silicon surface [4]. Butyl lithium has been 
use~'. ' ,  attach atkyl chains to porous silicon surface. These methods have met with 
varying degrees of success with respect to halting oxidation. 

A second potential application stemming from surface modification is the tailoring 
of porous silicon to sense particular molecules. It has been demonstrated that porous 
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silicon can be modified such that water, a molecule that will not normally quench 
porous silicon photoluminescence, evokes a quenching response [7]. 

6. Conclusion 

In summary, different methods of  porous silicon formation lend themselves to 
different applications, and provide evidence for luminescence mechanisms. Multiple 
disruptive mechanisms are active in ~mrous silicon photoluminescence quenching. 
The mechanism is affected by, among many things, the quencher and the amount 
of  oxide on the surface, Porous silicon surfaces may also be modified to tailor them 
for specific uses, or to lengthen the active life span of  a porous silicon ser~sor already 
suited to a particular molecule. 
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